Introduction
Magnetic nanoparticles (MNP) are increasingly used in various preclinical applications as biomarker, biosensors, and actuators (e.g. magnetofection, drug targeting or hyperthermia) [1] . Therefore, quantification of MNP in biological systems (cells, tissues and organs) is of vital importance to evaluate the success of these applications and also to understand MNP internalization and uptake mechanisms on a cellular level. Among several techniques established to detect iron in tissue [2] , magnetic particle spectroscopy (MPS) provides MNP specific signals unaffected by tissue and even paramagnetic body iron [3] . We demonstrate the feasibility of this technique to quantify the MNP uptake in living cells using a commercial magnetic particle spectrometer (MPS). To this end we studied the MNP uptake by non-adherent human acute monocytic leukemia cells (THP-1). Additionally, we explored the influence of the measurement procedure (transport, exposure to RF-field, centrifugation) on the viability of these cells.
Methods
Cellular Uptake of MNP Non-adherent THP-1 cells were incubated with VSOP (provided by Charité) and Resovist ® . Cell samples with defined duration of MNP incubation (0 hour up to 24 hours) were transported from Charité to PTB within one hour and immediately measured with a commercial Magnetic Particle Spectrometer (Bruker BioSpin, fexcit = 25 kHz, Bexcit = 25 mT). Afterwards, they were transported back to Charité for cell viability testing by cell counting using a trypan blue exclusion assay 1 hour and 24 hours after the MPS measurements.
Magnetic Particle Spectroscopy (MPS)
MPS measurements were performed using a commercial Magnetic Particle Spectrometer (Bruker, Germany) [4] . Primarily, this device is dedicated to assess the performance of magnetic nanoparticles as tracers for a novel imaging modality called magnetic particle imaging (MPI). MPS detects specifically the non-linear magnetic response of magnetic nanoparticles exposed to an oscillating magnetic field. Biological tissue and paramagnetic blood iron do not contribute to the MPS signal [2] . For the measurement a PCR tube typically containing about 50 µl sample volume is placed in the pick-up coil of the MPS system. During the measurement the sample is exposed to a strong sinusoidal oscillating magnetic field (variable amplitude Bexcit up to 25 mT, fixed frequency fexcit of 25 kHz) and the non-linear magnetization response is detected by the pickup coils (sensitivity: 5·10 12 Am 2 ). By filtering and gradiometer design of the pickup coil the fundamental excitation frequency is heavily suppressed. From Fourier transformation of the response the amplitudes of odd spectral components (odd multiples of the drive frequency fexcit) constitute the MPS spectrum of the MNP. In this study all measurements were performed with 25 mT magnetic field amplitude at 36.6° C using 70 µL of undiluted MNP/cell samples.
Quantification
For the quantification of the MNP uptake the third harmonic μA3 of the MPS spectra of each sample was normalized to the amplitude μA3 of a reference sample of known iron content. For cross-validation of the iron quantification the samples finally were analyzed by conventional photometry (phenanthroline staining). Additionally, we inspected the concentration independent ratio of fifth and third harmonic μA5/μA3 as an indicator of changes in the magnetic behavior of the MNP during cell uptake.
Results

By MPS we determined a Resovist
® uptake of about 3.5 pg iron/cell after 24 hours incubation as depicted in Fig.  1 . The VSOP uptake was about factor of three higher and the uptake kinetics showed saturation after about 6 hours of incubation in contrast to Resovist ® kinetics where even after 24 hours no saturation was visible. Furthermore, neither transport nor RF-exposure during MPS measurement showed any influence on THP-1 cell viability (see Fig. 1 ). Along with the easy handling (cells are grown in suspension and harvested only by centrifu-gation), this cell line features a robust system for further cellular uptake studies. . Substracting this offset results in coincident uptake profiles for both quantification methods. Interestingly, for VSOP the offset between phenanthroline staining and MPS increased with increasing incubation time. This effect could be caused by the alteration of magnetic behavior of the MNP during cellular uptake (e.g. aggregation, dipolar interaction) as becomes visible by changes in the µA5/µA3 ratio of MNP in cells (see Fig. 3 ). It can therefore be concluded that the chosen reference (fluid sample in initial state) is not suitable for longer incubation times. 
Conclusion
The MPS spectrum allows for the quantification of the amount of magnetic nanoparticles in biological systems with high sensitivity and MNP-specificity, as it was shown for non-adherent living THP-1 cells. Furthermore, the concentration independent harmonic ratio µA5/µA3 enables the detection of changes in the magnetic behavior of MNP and indicates that a reference for the quantification should be selected carefully. Depending on the magnetic properties of the MNP the detection limit was in the lower nanogram range in small sample volumes (70 µl) featured by highly linear calibration curves. The fast and easy sample preparation together with the measurement duration of typical ten seconds for one sample makes MPS a favorable method for highthroughput MNP quantification.
